Pupil-Plane Scanning White-Light Interferometry measures reflectivity as a function of angle of incidence, wavelength and polarization in one location of an object surface. This information is converted into ellipsometric information and allows the characterization of material optical properties and layer thickness in the case of layered structures. We illustrate the capability of the method by measuring the thickness and refractive index of thin film standards. The information is also used to create accurate 3D topography maps of complex object structures.
INTRODUCTION
Scanning White-Light Interference (SWLI) microscopy 1 is a mature technology used by a wide range of industries for non-contact, high-speed 3D surface metrology. The typical interference microscope offers a large choice of magnifications (from 0.5X to 100X) and provides sub-nm resolution topography measurements with high-reproducibility over a variety of surface types, including patterned semiconductor wafers, flat panel display components, 2,3 automotive machined metal parts, 4 transparent film structures, MEMS devices, etc. (b) Corresponding topography map for the top surface and buried interface of the film. In this paper, we consider an alternative white-light interferometer geometry that collects information about a single point in the film resolved independently for wavelength, angle of incidence, and polarization. For many of these applications topography measurements are performed over multiple object areas covered with dissimilar materials or film stacks. The phase change on reflection (PCOR) of the reflected light and its variations as a function of wavelength and angle of incidence for high-NA objectives directly affect the reported topography by introducing material and film-dependent height offsets. In prior work, we have shown that detailed interference signal modeling (1) identifies materials and films and (2) provide accurate topography by matching model and experimental signals 5, 6, 7 . We call this approach "modeled-based SWLI." Figure 1 shows a 3D map of film thickness as well as topography maps of the air / film and film / substrate interfaces in the case of a transparent oxide film on silicon. 8 In this paper we present a complementary approach that aims at leveraging differently the information contained in the SWLI interference signals. This technique trades the ability described above to resolve information at multiple object locations with the ability to measure the surface reflectivity in one location as a function of angle of incidence, polarization state and wavelength. The corresponding wealth of information enhances the ability to characterize materials and film stacks. A key point is that this additional functionality requires no significant modification of the interference microscope and that the topography measurement capability described earlier is preserved. Better yet, the new functionality can be combined with other measurement modes, for instance by providing information about the optical properties or nominal thickness of films present on the object surface.
PUPIL-PLANE SCANNING WHITE-LIGHT INTERFEROMETRY
A known approach to rapidly collecting data over a wide range of angles is to image the pupil (or back focal plane) of a high-NA microscope objective onto a camera. 9 High-NA, pupil-plane imaging provides the angle-resolved optical properties of surfaces at a single, focused measurement point. 10, 11, 12, 13 Here we add the extra dimension of wavelength by mathematical decomposition of a white-light interference pattern collected at the pupil plane. 14 We call our technique PUpil-Plane SWLI or PUPS. Figure 2 shows how the tube lens that would normally image the object surface onto the detector has been replaced by a relay lens that images the exit pupil of the Mirau microscope objective onto the detector. The field stop defines a 10-to 20-µm diameter point of interest on the object surface. A linear polarizer close to the microscope objective acts both as a polarizer for the illumination light and an analyzer for the reflected light.
The detector is a CCD or CMOS camera. Just as in the more familiar SWLI geometry for surface topography, a series of frames is collected during a linear scan of the microscope objective along its optical axis. The light source is for example a white-light LED or an arc lamp providing a wide range of wavelengths within the sensitivity band of the detector. The scan length is typically selected to exceed the coherence length of the light source. onto this plane by the illumination optics. A source point defined by a radial distance d and azimuth angle θ defines the plane of incidence for the light that will propagate from this source point, transmit through the objective and reflect of the object surface ( Figure 3(b) ). The polarizer is aligned parallel to the X-axis in this example. The polarization state is common at all locations at the pupil and is represented by a vector Ex. Its projections Ep and Es onto the plane of incidence and perpendicular to that same plane define the usual P and S polarization states for the illumination beam. A source point located on the X-axis emits light that is confined to the P polarization state. Similarly, a source point located on the Y-axis emits light confined to the S polarization state. Other azimuthal locations correspond to a varying mix of S and P, yielding a varying elliptical polarization state for the illumination. The salient point is that the system effectively "probes" the complex reflectivity of the object surface by illuminating it with varying polarization states.
The radial distance d of a source point at the pupil defines the angle of incidence α of the wavefront generated by the source point in object space. In the case of a well-corrected optical system the Abbé sine condition provides a simple relationship between the two quantities: d = F sin α, where F is the focal length of the microscope objective. bouncing from the virtual image of the reference mirror. Ray b comes from the same source point and thus travels parallel to a in object space. When the object surface is moved by a distance ∆z from the virtual image of the reference mirror, ray b has to travel an extra optical path length 2∆zcosα, and the corresponding phase shift for the interferogram generated at a source wavelength λ is: ∆ϕ = 2k∆zcosα, where k = 2π/λ.
During data acquisition the objective is scanned linearly along its optical axis and interference signals are captured by the detector at every pupil location. The formula above implies that the interferometric signal recorded for a monochromatic light source has an angular frequency 2kcosα with respect to the scan variable z. If the source spectrum is broad the interferometric signal at a given pupil position can be described as the superposition of the multiple interferograms generated by the multiple spectral components of the source. 5 In practice, a Fourier transformation of the interference signal with respect to z yields a range of angular frequencies that can be mapped back to actual source spectral components when the angle of incidence α is known. This is another key advantage of PUPS: all the wavelengths present in the source spectrum are measured simultaneously. They are separated during data processing by Fourier transformation of the interference signal. Hence, no extra optical components (such as dispersive prisms, gratings, etc) are required to separate the spectral components and the two-dimensional detector can be fully dedicated to resolving angle of incidence and azimuth information.
In summary, we have the quite remarkable result that PUPS collects multi-spectral data over a range of polarization states and angles of incidence in a single measurement. The angular information is spatially separated in the image of the pupil and the spectral information is separated by Fourier transformation of the interference signal. This wealth of information can be used advantageously to derive optical properties of unknown materials or film stacks, as shown in the next sections.
FROM INTERFEROMETRY TO ELLIPSOMETRY
Pupil points that are located on the axis defined by the polarizer or on a perpendicular axis correspond to locations where the polarization of the illumination light at the object is linear and either within or perpendicular to the plane of incidence. It follows that the interference signal magnitude measured during the scan is directly proportional to the magnitude of the object reflection coefficient for P or S polarization, rp and rs respectively. The difference of the phase values measured for interferograms captured with S and P polarizations is the difference of the phases of the reflection coefficients themselves. Based on these observations we define a simple procedure that yields the ratio of the P and S complex reflection coefficients:
-Pick two pixels in the image of the pupil that are at the same distance from the optical axis, one located on the Xaxis, the other located on the Y-axis. The radial distance from the optical axis defines the angle of incidence α.
-Fourier transform the interference signals measured at these two locations and extract the spectral components corresponding to a chosen source wavelength λ (the corresponding signal frequency is 2kcosα).
-Calculate the ellipsometry ratio ρ = rp / rs of the two spectral components for the chosen angle of incidence and wavelength.
Depending on the application the simple procedure outlined here is repeated for other wavelengths and angles of incidence. Any of the widely-known procedures, algorithms or software methods developed to derive optical properties from ellipsometric measurements can be applied directly to the data that we extract from the pupil interferogram. The step of deriving ellipsometric ratios results in a significant data reduction. The outcome is a cloud of measured ratios as a function of angle of incidence and wavelength. This is the basis of material and film analyses similar to those performed with Variable Angle Spectral Ellipsometry. 15 In this context, it is useful to model and analyze the sensitivity of the ellipsometric ratio to the parameters of interest such as refractive index or thickness. The goal is to identify the combination of angles of incidence and wavelengths that maximize the performance of the system for these parameters. The benefit of PUPS is that it provides in a single measurement a wide range of angles and wavelengths to choose from.
In practice, a system characterization using a set of known reference samples enhances accuracy. The information gathered in this step can account for instance for variations of the light source intensity distribution across the pupil. Further, we take advantage of clear symmetries in the pupil-plane data distribution to reduce uncorrelated noise terms.
FROM ELLIPSOMETRIC RATIO TO OPTICAL PROPERTIES
This section provides a rapid overview of how the ellipsometric ratio information relates to the optical properties of bulk materials and film stacks as well as film thickness in the latter case. 16 The ellipsometric ratio is usually expressed as two angles, ∆ and Ψ:
In the case of the characterization of a bulk sample the material complex refractive index can be obtained readily using:
where n 0 is the refractive index of the ambient medium (usually air).
In the case of a transparent monolayer with known refractive indices n 0 , n 1 , n 1 for the ambient, film and substrate materials the following equations yield the unknown film thickness t: The material properties required for this calculation are derived from measurements of representative bulk samples or using tabulated data found in the literature. 17 For more complex cases (e.g. larger number of unknown parameters) analytical solutions are no longer available and numerical optimization techniques are used to determine unknown optical properties and film thicknesses. A common option is to define a chi-square target function such as:
where the vector P contains estimates of the unknown parameters being sought and the summation over i corresponds to the use of multiple combinations of angles of incidence and source wavelengths (α i , k i ). The functions Ψ m and ∆ m are model functions used to compute ellipsometric parameters to be compared to the measured values Ψ i and ∆ i . In the case of a multilayer film stack the scattering matrix technique (see chapter 4 in Ref. [16] ) is used to calculate the modeled reflection coefficients rs m and rp m from which Ψ m and ∆ m are calculated. Depending on the application P might contain multiple film thickness estimates, refractive index values for all the wavenumbers of interest and/or model parameters used in analytical refractive index models. 18 Various algorithms can be applied in practice to minimize the function defined in Eq.(4), for example a simplex or Levenberg-Marquardt solver. 19 We use both home-grown processing programs developed in Mathcad and commercial ellipsometry software 20 to process the experimental data presented in the next sections.
EXPERIMENTAL RESULTS: FILM THICKNESS MEASUREMENTS
We first report experimental results for the measurement of certified film thickness standards. These standards are single layer films of silicon dioxide or silicon nitride on silicon substrates. The first two lines of Table 1 show the certified thickness values and 2-σ uncertainties for single-wavelength ellipsometric measurements assuming fixed material properties. The following lines show the measured thickness using PUPS. The white-light interference microscope used here provides a 20°-50° angular range and 450-650 nm wavelength range. The repeatability and bias of the measured values are derived from a series of 32 successive measurements. For these measurements the optical properties of the films and substrate are assumed known and fixed to published values. 
SiO2 on Si samples Si3N4 on Si samples
These results show a typical 0.1% thickness repeatability for oxide films that are 100-nm thick or more and nitride films that are 50-nm thick or more. The typical measurement bias is less than 1% for oxide and 2% for nitride films 100-nm thick or more. The larger bias for the nitride films is mostly due to the assumed optical properties that don't quite match those used by the film standard manufacturer. Figure 4 shows graphically the results of Table 1 for the oxide films. The plot shows the bias of the interferometric measurement as well as the ±2σ repeatability of the measurement as error bars. This can be loosely compared to the ±2σ uncertainty values provided by the standards manufacturer. Note that a proper uncertainty budget for the interferometric measurement should include both the estimated bias and repeatability reported here. Table 2 shows the results of processing the same data without assuming that the film optical properties are known. In this case a three-parameter Cauchy model is used to describe the material dispersion. These three parameters are optimized simultaneously with film thickness. Because of this larger number of degrees of freedom the repeatability of the measured thickness becomes larger by about a factor of three. Nevertheless, the technique still provides reasonably accurate estimates of the film thickness for most of the films tested here. In another experiment we characterize the thickness of a three-layer film stack made of SiO 2 on Cu on SiO 2 on Si. We use a three-parameter Cauchy model to describe the optical properties of the dioxide layers and tabulated data for copper. The data regression optimizes three material parameters and three unknown thicknesses. The same sample was sent to a laboratory for ellipsometric characterization using a variable angle spectroscopic ellipsometer. The measured thickness for each layer is reported in Table 3 , illustrating the reasonable agreement between the two instruments. 
EXPERIMENTAL RESULTS: STEP HEIGHT MEASUREMENT
The previous section illustrates the capability of PUPS to determine the thickness and refractive index of one or more material layers. A possible application is to use this information to account for PCOR effects when performing surface topography measurements. In this section we measure the step between the bottom of an etched silicon trench and the top of the surrounding un-etched area, see Figure 5 . The un-etched region is protected from etching by a 10-nm oxide layer covered by a nominally 85-nm thick nitride layer. -We first measure the physical step Td from the top of the nitride layer to the bottom of the trench using the AFM. The average reported step is 400.5 nm.
-We use the optical profiler in PUPS mode to collect (∆, Ψ) data over the un-etched area. We derive from these data the thickness and parameters of a Cauchy model representing the unknown optical properties of the nitride layer. The oxide layer thickness is assumed known and equal to 10 nm. The reported thickness is t nitride = 83.5 nm and the refractive index is 2.006 at a wavelength of 633 nm.
-We create a synthetic interference signal for the nitride on oxide on silicon film stack using the previously measured nitride refractive index and thickness. This is accomplished using the technique described in Ref. [5] .
-The same procedure generates a synthetic interference signal for bare silicon, representing the bottom of the trench. Both signals are generated with the silicon interface at a common height within the synthetic scan data. In other words the two signals correspond to the sample configuration before etch.
-We apply a frequency-domain analysis (FDA) technique 1 to extract height information from the synthetic white-light signals. The nitride-covered region appears ∆h = 146.8 nm higher than the bare silicon surface.
-Finally we measure the sample in imaging mode and use FDA to create a topography map of the trench. The measured trench depth reported by the optical profiler is Td' = 456.5 nm.
We can now compensate the topography map with the measured nitride thickness and its predicted PCOR-effect ∆h to report an estimate of the physical trench depth. The table below compares the results obtained with the two instruments. 
AFM Microscope
We find that the two trench depths are within 3 nm of one another, representing a matching error smaller than 1%. The match can be improved by taking into account the fact that etched silicon grows a self-capping transparent oxide layer 1 or 2-nm thick over a period of days. This is too thin to affect the optical topography measurement and the height reported by the interference microscope corresponds to the oxide / silicon interface in the etched area. On the other hand, the AFM profiles the physical surface of the sample and reports the height of the air / oxide interface. Hence, we could correct the optical trench depth measurement by subtracting the optical thickness of the native oxide layer. This would bring the trench depth measured optically within about 1 nm of the depth reported by the AFM.
The agreement between AFM and optical profiler supports the assumption that the nitride film thickness is uniform over the topography measurement area. For applications where the thickness is expected to vary spatially a localized PUPS measurement provides the refractive index and modeled-based SWLI provides a map of the layer thickness.
In the case of a semiconductor etch process the critical dimension is usually the silicon etch depth Ed. An AFM or other mechanical profiler can only report the total trench depth Td. Some other metrology is thus required to measure the nitride and oxide film thicknesses and calculate etch depth. In contrast, a single white-light interference microscope combines topography and PUPS measurement modes that provide the equivalent functionality in one self-consistent platform.
SUMMARY AND PERSPECTIVES
We introduce here a pupil-plane SWLI method (PUPS) that provides angle-resolved, wavelength-resolved and polarization-resolved measurements of the reflectivity of a complex object surface. The only modification of the usual interference microscope configuration is the replacement of the tube lens by a relay lens and the addition of a polarizer to the interference microscope objective. The collected information converts to ellipsometry angles ∆ and Ψ as a function of wavelength and angle of incidence. This allows using the methodologies developed in the field of ellipsometry to derive the optical properties of materials over ranges of wavelengths, as well as the thickness of mono or multi-layer film stacks. The experimental data gathered on certified film standards illustrates nm-level measurement bias over the thickness range 10-1000 nm. Repeatability is better than 0.1% 1-σ for films thicker than 100 nm.
The information collected in PUPS mode can be readily used to enhance the accuracy of model-based SWLI topography techniques. An example shows nm-level agreement between SWLI and AFM measurements of a 400-nm deep trench in silicon in the presence of an unknown nitride film. The PUPS and SWLI topography measurement modes are easily combined into a single white-light interference microscope platform.
